An adhesive LaCrO 3 perovskite coating has been prepared on stainless steel substrate by cathodic electrodeposition from aqueous solution 0.03 M La(CH 3 COO) 3 + 0.03 M CrCl 3 + 0.03 M Na 3 C 6 H 5 O 7 , followed by heat-treatment at 800 • C in air. The electrodeposition of La-Cr coatings has been examined in the solution with pH of 2∼3 at the current density of 1∼5 mA cm −2 . It is shown that the change of pH by even 0.1 can affect obviously the deposition of La-Cr coatings, and increasing the current density will lead to the generation of more cracks in the coatings. A more uniform and compact La-Cr coating can be obtained in the solution with the optimized pH value of 2.7 at the optimized current density of 1 mA cm −2 . The La and Cr deposits change from their metallic states to the hydroxides during electrodeposition, corresponding to the increase in the pH with time. The as-prepared La-Cr coating is rich in La, due to the strong coordination of trivalent chromium with complex agent in the bath. The outward diffusion of Cr from the stainless steel substrate supplies the as-prepared La-rich coating to form LaCrO 3 during heat-treatment.
Perovskite coatings with the general formula, LnMO 3 (Ln = rare earth metal; M = transition metal or Al) are of considerable interests for numerous technological applications, such as catalysis, 1, 2 novel electronic devices, 3 and high temperature corrosion protection of metals. 4, 5 Conventional techniques for the preparation of perovskite coatings include pulsed laser deposition, 3, 6 molecular beam epitaxy, 7 chemical vapor deposition, 8 sputtering and sol-gel method, 9,10 which are capital intensive and difficult for scale production. Electrodeposition of Ln-M coatings from aqueous solutions followed by heat-treatment is an advantageous method for preparing perovskite coatings. [11] [12] [13] [14] [15] This method offers a more economical and efficient technique for the fabrication of perovskite coatings. Nevertheless, although the Ln-M coatings have been successful prepared using both anodic and cathodic electrodeposition methods, relevant research is still limited and challenging.
Matsumoto et al [11] [12] [13] conducted a series of research on the anodic electrodeposition of Ln-M (M = Co, Mn) coatings. Their studies indicated that Ln ions did not participate in any oxidation reactions. The incorporation of Ln ions into the M hydroxide/oxide coatings was achieved by enriching the bath with Ln ions and their consequent adsorption. This gives poor control over the Ln contents in the coatings and requires a high concentration of Ln ions for deposition. 15 By comparison, cathodic electrodeposition is an inherently superior technique as both Ln and M ions participate in the reactions, leading to facile deposition of Ln and M elements. 14 However, the cathodic electrodeposition of Ln-M coatings still faces some problems. The main obstacle stems from the low equilibrium potentials of Ln ions. Since the equilibrium potentials of Ln ions (Ln 3+ + 3e -→Ln; E 0 = -2.52 ∼-2.25 V SHE ) are much more negative than that of water (2H 2 O + 4e -→2OH -+ H 2 ; E 0 = -0.828 V SHE ), electrolytic decomposition of water appears preferentially. 16, 17 Fortunately, electrodeposition of Ln elements can be achieved by adding some complex agents to shift their evolution potentials to more positive values. 18, 19 Lokhande et al 20 investigated the electrodeposition of La from aqueous solutions on different substrates and found that sodium citrate was a suitable complex agent for La. Jundhale et al 21 studied the electrodeposition of Sm films from aqueous acidic and alkaline solutions with tartaric acid. The evolution potentials were found to be substated-and complex agent-dependent. Gong et al 17 reported the electrodeposition of Fe-Tb alloys from aqueous citrate solutions. Thin Fe-Tb films were obtained, but with low current efficiencies. Moreover, Na, S, and O impurities were incorporated in the films.
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Although the electrodeposition of Ln-M alloys has been successfully achieved using electrolytes with significantly decreased concentration of Ln, it is still difficult to control their chemical compositions. Moreover, the valence states of the deposits, especially those at the electrode/solution interfaces, remain to be characterized. 17, [20] [21] [22] Probably, the deposits are hydroxides rather than alloys. On account of the low reduction potentials of Ln ions, strong hydrogen evolution (or accompanied by other reduction reactions) and a consequent increase in pH will take place at the interface at the potentials necessary to reduce Ln ions. Hydroxides will precipitate at the interface when the pH is sufficiently alkaline to reach their solubility products. 23 In addition, Ln may interact strongly with the dissolved oxygen or hydroxyl ions, thus inhibiting the formation of metallic alloys in the deposits. 16 Actually, it is more likely to form hydroxides of metals (mainly Ln) instead of metallic alloys during cathodic electrodeposition of Ln-M coatings. 14, 16, 19 Therese et al 14, 15 carried out the electrodeposition of Ln-M (Ln = La, Pr, Nd; M = Al, Mn, Fe) coatings from metal nitrate solutions. The results demonstrated that the reduction of nitrate and the electrolytic decomposition of water, especially the former, led to a steep increase in the pH close to the electrode. Consequently, Ln and M ions precipitated on the cathode as their respective hydroxides. Yang et al 19 fabricated a series of Ni-Ce hydroxides by electrodeposition at different applied potentials. It was found that the applied potential could affect the compositions of Ni-Ce hydroxides by adjusting the pH values at the electrode/solution interface. However, the interfacial pH at a certain applied potential was unstable, but increased with time until finally reaching an equilibrium. This suggests that the compositions of Ln-M coatings, especially of thin coatings, are still hard to be controlled. Additionally, until now, the electrodeposition of Ln-M hydroxide coatings was mainly carried out in nitrate solutions, 14, 19, 24 where the products formed possessed a poor adhesion with the substrates and detached themselves from the substrates when thickened. 15, 25 This further restricts the application of this technique.
Previous researches have indicated that the as-prepared Ln-M coatings with a Ln/M atomic ratio of 1 were required to obtain single-phase LnMO 3 perovskite coatings. [11] [12] [13] [14] [15] However, as mentioned above, the compositions of Ln-M coatings prepared using either anodic or cathodic electrodeposition method are under poor control. Moreover, during heat-treatment elements from the substrates may diffuse outward to react with the as-prepared Ln-M coatings. Therese et al 26 prepared Ln(OH) 3 (Ln = La, Nd) coatings on stainless steel substrates. It was shown that after heating at 950
• C for 12 h, LnCrO 3 appeared in the coatings accompanied by the unreacted La(OH) 3 (or Nd 2 O 3 ). It was clear that LnCrO 3 resulted from the reactions between the as-prepared Ln(OH) 3 and Cr from the substrates. As a consequence, it is possible to obtain a single-phase LnMO 3 coating by heat-treatment of a Ln-rich coating deposited on a proper substrate. During heattreatment at high temperatures, M from the substrate can diffuse outward to contribute to the formation of LnMO 3 . By this means, the composition of the Ln-M coating during electrodeposition is allowed to vary within a much wider scope to guarantee the formation of a single-phase perovskite coating.
LaCrO 3 and LaCrO 3 -based perovskite oxides have been widely investigated due to their high chemical and thermal stability, electrical conductivity, particular magnetic and catalytic properties. [27] [28] [29] [30] [31] [32] In this work, an adhesive and compact LaCrO 3 coating was prepared on a type 430 stainless steel substrate by electrodeposition of a La-Cr coating from a citrate bath and then by heat-treatment at 800
• C in air, with an attempt to find a more controllable electrodeposition method for the preparation of perovskite coatings.
Experimental
In this investigation, a type 430 stainless steel (430SS) was used as substrate, whose chemical composition is Fe-17.0Cr-1.0Mn-1.0Si-0.12C-0.03S-0.04P (mass%). The steel plates were cut into specimens with a size of 15 mm × 10 mm × 2 mm. Cyclic voltammetry was performed at the range of 0.6 V ∼ -2 V (vs. SCE) and at a scan rate of 50 mV/s, with a Pt foil as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. La-Cr coatings were firstly obtained by cathodic electrodeposition from aqueous solutions containing 0.03 M La(CH 3 COO) 3 , 0.03 M CrCl 3 and 0.03 M Na 3 C 6 H 5 O 7 . The pH of the electrolyte was adjusted to 2∼3 by adding HCl or NaOH solution. A two-electrode system was employed with two graphite plates as the anode and 430SS as the cathode. The cathode was centered between two graphite plates. Deposition experiments were carried out in a galvanostatic mode at a current density of 1∼5 mA cm −2 for 10 min without stirring. The electrolyte temperature was fixed at 25 ± 1
• C. After electrodeposition, the steel electrodes were rinsed with distilled water and dried in air. The prepared La-Cr coating was then heat-treated at 800
• C in air for 2 h to obtain a thermally-grown LaCrO 3 perovskite coating.
The coatings were examined by scanning electron microscope (SEM, FEI Inspect FSEM) equipped with an Oxford energy dispersive X-ray (EDX) microanalysis system, and by X-ray diffraction (XRD, Phillips, PW-1700) with Cu Kα radiation. Elemental analysis was investigated using X-ray photoelectron spectrometer (ESCALAB 250). X-ray photoelectron spectra (XPS) depth profiles were performed using a 2 μA Ar + ion beam. Before sputtering and at each sputtering step, photoelectron spectra for La 3d 5/2 , Cr 2p 3/2 , Fe 2p 3/2 , O 1s and C 1s were recorded. For all the XPS measurements, Al Kα radiation with an anode power of 150 W was employed. The adopted spot size was 500 μm in diameter. The XPS were corrected for charge shifts by normalizing binding energies to that of the adventitious C 1s peak at 284.6 eV. 
Results and Discussion

Electrodeposition of the as-prepared
No electrodeposition of metallic La can be detected from the simple aqueous La 3+ solution. Further cyclic voltammetry curves were performed in La(CH 3 COO) 3 solutions in the absence and presence of Na 3 C 6 H 5 O 7 . In La(CH 3 COO) 3 solution, another cathodic peak (II c2 ) shows up at around -1.5 V SCE (Fig. 1b) , with a slightly lower peak current for the second cycle with respect to the first cycle. The peak at -1.5V SCE could be attributed to the evolution of metallic La on the substrate. The addition of Na 3 C 6 H 5 O 7 to La(CH 3 COO) 3 solution further shifts the evolution potential of La to a more positive value of around -1.3 V SCE (Figs. 1c and 1d) . When the test scope is at the range of 0.6 V SCE ∼-1.6 V SCE , the II c3 peak current of the second cycle is slightly larger than that of the first cycle (Fig. 1c) . No visible products are observed on the sample surface. This demonstrates that the deposit is metallic La rather than its hydroxide. When the scanning is conducted at the range of 0.6 V SCE ∼-2 V SCE , however, the II c4 peak current of the second cycle is smaller than that of the first cycle (Fig. 1d) . Moreover, a white-contrast coating can be observed on the sample surface after CV tests, suggesting that a further negative scan results in the formation of hydroxide on the substrate, and thus reduces the II c peak current during the second cycle. Fig. 2a , no Cr evolution can be detected during cyclic voltammetry test. Only the reduction peak of oxygen to water at around -0.57 V SCE can be observed in the CrCl 3 solution. The effect of complex agents on Cr electrodeposition was further studied in Cr 3+ bath containing CH 3 COOH alone and in bath containing both CH 3 COOH and Na 3 C 6 H 5 O 7 . It is found that the addition of CH 3 COOH has no obvious effect on the cyclic voltammetry result (Fig. 2b) . However, the addition of both CH 3 COOH and Na 3 C 6 H 5 O 7 contributes to the reduction of Cr 3+ to metallic Cr with an evolution potential of about -1.5 V SCE (Fig. 2c) . The cathodic peak at around -0.54 V SCE can be ascribed to the reduction of oxygen to water. The other peak at around -1.35 V SCE can be attributed to the reduction of La 3+ and Cr 3+ to metallic La and Cr. The electrodeposition of metallic La and Cr is successfully achieved by using sodium citrate and acetate as complex agents.
Microstructural characterization of the as-prepared La-Cr coating.-The coating quality is closely related to the bath composition and electrodepositing parameters. Since sodium citrate has already been found to be an effective complex agent for Ln, 17, 20 it was chosen as a component of the bath in this work. The pH of the electrolyte was adjusted to 2∼3 due to the consideration that an increase in pH above 3 resulted in the formation of poorly soluble La hydroxide or complex in the solution, and a decrease in pH below 2 led to the inefficiency of the deposition, with the emphasis on the effect of pH and current density on the electrodeposition of La-Cr coatings. Fig. 4 shows the surface morphologies of the La-Cr coatings deposited from solutions with different pH values at 1 mA cm −2 . It is shown that the quality of the deposit is affected obviously even if the pH deviated by 0.1. When the pH is adjusted to 2.6, the sample surface still keeps an appearance of the original substrate alloy to a certain extent. Further surface analysis by EDX confirms the deposition of La-containing products on the steel surface, indicating that an uniform and crack-free La-containing film does form on the substrate during electrodeposition and it is also extremely thin. However, the thickness of the coating deposited at pH 2.6 is hardly to be increased to a desired value, due to the extremely strong hydrogen evolution during deposition.
When the pH is adjusted to 2.7 and 2.8, however, interconnected micro cracks and bright microspheres appear in the coatings (Figs.  4c∼4f) , with more microspheres observed for a higher pH value. EDX analysis indicates that the coatings are mainly composed of La, O and Cr, while the microspheres mainly consist of La and O. Actually, the pH at the electrode/solution interface can be much higher than that in the bulk solution on account of the strong electrolytic decomposition of water. Therefore, it is highly likely that the deposited coatings together with these microspheres are mainly composed of hydroxides and oxides, as confirmed below. The increase in the bulk pH helps to the precipitation of hydroxides. Since the micro cracks propagate through all the microspheres nearby, as marked by the dotted circles, it is highly likely that the cracks are formed during exposure instead of electrodeposition. During drying, the evaporation of water would give rise to the shrinkage ad thus cracking of the coatings. In addition, severe hydrogen evolution during electrodeposition could also induce internal stress in the coatings, thus leading to cracking. When the pH is at 2.6, unlike the deposition at 1 mA cm −2 interconnected micro cracks and slight amounts of microspheres appear in the coating deposited at 2 mA cm −2 (Figs. 5a and 5b) due to that a higher current density can accelerate chemical and electrochemical reactions at the electrode/solution interface to form a thicker La-Cr coating with higher internal stress. Meanwhile, increasing pH further promotes the growth of La-Cr coatings, with more cracks and microspheres observed. This is attributed to the severer hydrogen evolution and sharper increase in the interfacial pH resulting from strong electrolytic decomposition of water. Therefore, it is of great importance to rationalize the deposition current density and pH to obtain a more uniform and compact La-Cr coating. Based on the above results, the coating optimally deposited at pH 2.7 and 1 mA cm −2 was further examined in the following part.
Elemental analysis of the as-prepared La-Cr coating.-The distribution of La, Cr and O in the as-prepared La-Cr coating deposited at pH 2.7 and 1 mA cm −2 is shown in Fig. 6 . It is shown that a La-rich coating has formed on 430SS, with the atomic ratio of La/Cr in the range of 10∼20. Except for the extremely high atomic percent of adventitious oxygen at the outermost surface of the coating, the detected oxygen is mainly attributed to La oxides or hydroxides. The atomic ratio of La/O remains a low level in the outer coating, and gradually increases to a much higher level in the inner coating. For example, the atomic ratio of La/O is only 0.42 after 10 s sputtering, but reaches as high as 1.97 after 4970 s sputtering, probably suggesting that La exists as different forms across the coating, i.e. as its oxidation state (La oxides or hydroxides) in the outer coating and as metallic state in the inner coating. In addition to La, Cr and O, a slight amount of Fe was also detected in the outer coating, probably resulting from the substrate along micro cracks. The XP spectra of O 1s were analyzed preferentially to roughly distinguish the types of the La species of the as-prepared coating, as shown in Fig. 7 . After 10 s sputtering, the binding energy of the main O 1s peak is around 534.0 eV, corresponding to OH -. 33, 34 From 1870 s sputtering to the end, the binding energy of the main O 1s peak is around 530.1 eV, assigned to O 2− . 33, 34 Except the outermost surface which is contaminated by the adventitious O, the O 1s spectra peaks show a pronounced shift toward lower binding energies and eventually stabilized. This displays the existence of a transition species between La(OH) 3 and La 2 O 3 , probably LaOOH. The La(OH) 3 in the outer coating can be directly generated during electrodeposition process, 14, 19 and can also be obtained by the reaction of the metallic La with water during drying process after electrodeposition. 16 The presence of La 2 O 3 in the as-prepared coating is probably ascribed to the oxidation of the metallic La in the inner coating.
The La 3d 5/2 spectra of lanthanum and its compounds are very complicated. Each spectrum can be decomposed into a main peak (3d 0 4f 0 final state configuration) and a satellite peak (3d 0 4f 1 L final Figure 7 . XPS sputtering depth profile of O 1s of the as-prepared coating.
state configuration). 35 The presence of the satellite peak has different natures in the case of metallic or lanthanum compounds. For the metal and intermetallics, it arises from a charge fluctuation from 4 f 0 to 4 f 1 occupation; while for the insulating compounds such as oxides and sulfides, it is attributed to an electron transfer from the ligand to the La 4f state. 36 The satellite peak of La 3d 5/2 on the higher binding energy side is separated from the main peak by a definite value for each species. This shift can be used to further define the La species. Fig. 8 depicts the XPS sputtering depth profiles of La 3d 5/2 , Cr 2p 3/2 and C 1s of the as-prepared coating. The oxidation states of La are curve-fitted to La(OH) 3 and La 2 O 3 for convenience. Actually, more types of oxidation states can exist in the coating such as LaOOH, which has been deduced by analyzing the O 1s spectra previously. As O 1s spectra shown in Fig. 7 , the La 3d 5/2 spectra peaks obtained from 10 s sputtering to the end also present a significant shift toward lower binding energies. The doublet with binding energies at 836.5 eV and 840.2 eV are attributed to La(OH) 3 and satellite line, respectively. The doublet with binding energies at 835.1 eV and 839.2 eV are assigned to La 2 O 3 and satellite line, respectively. 37 The satellite separations for La(OH) 3 and La 2 O 3 are 3.7 eV and 4.1 eV, respectively.
36,38 After 10 s sputtering, La(OH) 3 is the main component in the coating, and then shows a decrease in amount. After 470 s sputtering, the amount of La(OH) 3 is extremely small and can even be ignored. The amount of La 2 O 3 increases as the amount of La(OH) 3 declines. But further increasing the sputtering time leads to the decline in the amount of La 2 O 3 . After 2670 s sputtering, the La 3d 5/2 spectrum can be divided into two doublets, corresponding to La 2 O 3 and metallic La. After 4970 s sputtering, only metallic La appears in the as-deposited coating. The doublet with binding energies at 834.6 eV and 839.1 eV are attributed to the metallic La and satellite line, respectively. This attribution can be affirmed by the high La/O (at.%) after 4970 s sputtering (Fig. 6) .
The La 3d 5/2 spectrum at the outermost surface is different from that obtained at any sputtering time, showing a different type of La compound. It is difficult to identify this La species directly from the La 3d 5/2 spectrum, due to the deficiency in relevant data and the similarity in the spectra of many La compounds. Fortunately, the type of this La species can be roughly inferred by analyzing the spectra of other possible related elements. The C 1s spectrum obtained at the outermost surface exhibits two peaks with binding energies at 284.6 eV and 288.3 eV, corresponding to the adventitious C and CO 3 2− . 39 It has been reported that La(OH) 3 and La 2 O 3 are likely to react with CO 2 to form carbonate-like species such as LaCO 3 OH when exposed in air. 39, 40 It is highly likely that the once formed La(OH) 3 at the outermost surface changed into carbonate-like species during air exposure. The relief of C species after 10 s sputtering (a little adventitious C left) demonstrates that no La or Cr complex is formed on the substrate during electrodeposition.
The interpretation of the Cr 2p 3/2 spectra is straightforward. During the depth profile measurements, the Cr 2p 3/2 peak remains at 577.4 eV binding energy before 90 s sputtering, assigned to Cr(OH) 3 . 41 After 1270 s sputtering, metallic Cr begins to show up with peak at 574.5 eV binding energy. 42 After 3970 s sputtering, no Cr(OH) 3 can be detected and nearly all the Cr species is ascribed to the metallic Cr. Above all, the initial deposits of the Cr species during electrodeposition are metallic Cr, but change into Cr(OH) 3 with time. This shows a similar changing trend with La. The hydroxides in the outer coating can defense against the aggregation of corrosion medium to the inner Larich alloy. The inner La-rich alloy can improve the adhesion of the coating with the substrate compared with its hydroxide counterpart. Additionally, the presence of the metallic Cr in the inner coating is accompanied by slight amounts of Cr 2 O 3 , whose Cr 2p 3/2 peak is located at 574.5 eV. 43 This is probably due to the oxidation of metallic Cr near the micro cracks during air exposure.
Deposition mechanism of the as-prepared coating.-As analyzed above, both of the La and Cr deposits change from their metallic states to their hydroxides during electrodeposition. This is due to the increase in the electrode/solution interfacial pH with time. At the initial stage, the electrodeposition of metallic La is achieved by using sodium citrate as the complex agent (acetate also plays a role here) which can shift the evolution potential of La to a more positive value. The weak deposition of metallic Cr at this stage is ascribed to a much stronger coordination of trivalent chromium with the complex agent in the bath. At the later stage, the electrode/solution interfacial pH increases due to the dissolved oxygen and water reduction given as: 19, 25 
Once the concentration of OH − at the electrode/solution interface is sufficiently alkaline to reach the solubility constant, K sp , hydroxides form and deposit on the cathode electrode as follows:
The deposition pH at 25
• C can be calculated by the following relation:
3 [7] where c and c θ are the interfacial concentration and the standard concentration (1 M), respectively. The solubility constants (at 25
• C) of La(OH) 3 and Cr(OH) 3 several orders of magnitude smaller than the free La 3+ . Consequently, the deposition pH of Cr(OH) 3 became larger than that of La(OH) 3 , finally leading to the formation of a La-rich hydroxide coating at the later stage of electrodeposition.
Characterization of the heat-treated La-Cr coating. -Fig. 9 gives the X-ray diffraction pattern of the as-prepared La-Cr coating treated at 800
• C in air for 2 h. It is clear that the as-deposited La-Cr coating has been converted to a coating mainly composed of perovskite LaCrO 3 with some Cr 2 O 3 after heat-treatment. Due to the fact that the ratio of La/Cr in the as-prepared coating is actually much higher than that of the LaCrO 3 perovskite coating (La/Cr (at.%) = 1), the substrate alloy must offer sufficient Cr to convert the La-Cr coating to the LaCrO 3 . 430SS contains 17at.% Cr which is sufficient to the formation of a protective Cr 2 O 3 scale during the initial period of high temperature oxidation. When the as-prepared La-Cr coating is oxidized at 800
• C in air, sufficient Cr can diffuse outward from the substrate to react with it to form LaCrO 3 . Therese et al 26 also obtained a mixture of LaCrO 3 and La(OH) 3 with a La/Cr atomic ratio of 1.5 by heat-treating a La(OH) 3 coating on stainless steel substrate. Fig. 10 depicts the surface morphologies of the La-Cr coating treated at 800
• C in air. The LaCrO 3 coating possesses a similar morphology as its precursor deposited at pH 2.7 and 1 mA cm −2 , with many cracks observed (Fig. 10a) . Clearly, the heat-treatment at 800
• C did not eliminate the cracks existing in the as-prepared La-Cr coatings. The presence of cracks in the coating is actually difficult to avoid and remains to be solved. Additionally, fine equiaxed grain oxides are formed within the cracks, mainly relating to the oxidation of the substrate alloy (Fig. 10b) . Fig . 11 shows the cross-sectional morphologies of the LaCrO 3 perovskite coating. The coating is compact and adhesive (Figs. 11a  and 11b ), and exhibits a bi-layered microstructure composed of an external bright LaCrO 3 -rich layer with a thickness of around 3 μm and an inner dark Cr 2 O 3 -rich layer with a thickness of several hundred nanometers. Along the crack-containing area (Fig. 11c) , however, a large void is left between the external LaCrO 3 layer and the inner Cr 2 O 3 -rich layer. Clearly, it is hard to eliminate completely the large cracks by the growth of oxides during oxidation treatment. It is sure that the presence of cracks remains a major issue to be solved for possible applications. However, it should also be noted that these cracks are mainly produced in the outer LaCrO 3 layer. Thus their effect is mainly determined by their real applications. For the coating application, these cracks are surely disadvantageous to the protective performance of the coatings.
Conclusions
An adhesive LaCrO 3 perovskite coating has been prepared on 430SS by cathodic electrodeposition of a La-rich La-Cr coating composed of external La/Cr oxides or hydroxides and inner La-Cr from aqueous citrate solution, followed by heat-treatment in air. At the pH of 2∼3 and the current density of 1∼5 mA cm −2 , the change of pH by even 0.1 can affect obviously the deposition of La-Cr coatings, and increasing the current density will result in the generation of more cracks in the coatings. A more uniform and compact La-Cr coating is obtained in the solution with the optimized pH value of 2.7 at the optimized current density of 1mA cm −2 . The La and Cr deposits change from their metallic states to the hydroxides during electrodeposition. During heat-treatment, Cr from the substrate diffuses outward to react with the as-prepared La-Cr layer to form LaCrO 3 . The as-prepared La-Cr coating is consistently cracked and difficult to avoid. Heat treatment cannot eliminate the cracks existing in the as-prepared La-Cr coating.
